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Femtosecond soliton diode on heterojunction Bragg-grating structure
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We numerically propose a scheme for realizing an all-optical femtosecond soliton diode based on
a tailored heterojunction Bragg grating, which is designed by two spatially asymmetric chirped
cholesteric liquid crystals. Our simulations demonstrate that with the consideration of optical
nonlinearity, not only the femtosecond diode effect with nonreciprocal transmission ratio up to 120
can be achieved, but also the optical pulse evolving into soliton which maintains its shape during
propagation through the sample is observed. Further, the influence of pulse width and the carrier
wavelength to the femtosecond diode effect is also discussed in detail. Our demonstrations might
suggest a new direction for experimentally realizing the femtosecond soliton diode based on the
cholesteric liquid crystals.
Diode, which allows the nonreciprocal transportation
of electric current, is one of the most important electronic
devices in the integrated circuit. In optics, the nonrecip-
rocal effect also plays a significant role in the modern
information processing as well as in optically integrated
devices. However, optical light beam is usually recipro-
cal and therefore how to transmit optical signal only in
one direction and block that in the opposite direction re-
mains a challenging issue.
In the past decades, many schemes were proposed
to solve this problem. The most significant proposal
was based on the optical isolator realized by the Fara-
day effect in magneto-optical crystals [1]. Since the
magneto-optical isolator requires a strong external pump,
it hinders the applications in a highly integrated pho-
tonic systems. Other schemes were also reported with
different principles or materials such as using opto-
acoustic effect [2], second-harmonic generation [3], ab-
sorbing multilayer system [4], asymmetric nonlinear ab-
sorption [5], ring-resonator structures [6–8], Fano ef-
fect [9, 10], micro-optomechanical devices with flexible
Fabry-Perot [11], left-hand materials [12], photonic crys-
tal structures [13, 14] and parity-time system [15]. We
note that although high nonreciprocal transmission ratio
could be achieved using these schemes, the shape of the
light field after propagating through the devices is usually
neglected. Due to diffraction/dispersion as well as the
interaction with materials, the light beam might cannot
maintain its profile, which would limit the application in
optical processing. Recently, linearly-coupled waveguide
system in which the unidirectional propagation are ex-
pected in the nonlinear regime [16] was reported. Based
on the fiber Bragg grating (FBG), a sandwich structure
was proposed to realize optical nonreciprocal effect [17].
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We should mention that with the consideration of optical
nonlinearity, these optical waves [16, 17] could maintain
their profiles during propagation through the nonlinear
devices. Indeed, the light wave propagating though these
nonlinear systems is in a form of solitons which can pre-
serve its shape during propagation [18–25].
In this Letter, we extend the concept of optical diode
from picosecond [17] to femtosecond (fs) domain for the
first time, which is of particular interest in the ultrafast
data processing. However, the realization of fs diode be-
comes more difficult than that realized in the picosecond
domain. The reason lies in the fact that the fs pulse con-
tains a much boarder spectrum that the bandgap of ma-
jority of the photonic crystals, e.g., FBG, cannot cover.
This is because the depth of the refractive index modula-
tion in FBG is very small (10−2∼10−3 [26]), giving rise to
a narrow photonic bandgap. Recently, it has been shown
that cholesteric liquid crystals (CLCs), which is a natu-
ral BG structure with refractive index modulation depth
near 10−1 [27], can be used to stretch and compress the
fs pulses [28]. Importantly, a large nonlinear coefficient
in the order of 10−12 cm2/W with femtosecond response
was reported in CLCs [27–30]. These findings open a new
avenue to realize optical diode in femtosecond domain.
Here, we propose a tailored heterojunction Bragg
grating, which is consisted of two spatially asymmet-
ric chirped cholesteric liquid crystals for realizing soliton
diode in femtosecond domain. We should mention that
the proposed scheme is different from that reported in the
sandwich FBG structure [17] and the photonic bandgap
liquid-crystal heterojunctions [31]. We note that the
chirped CLCs, which is equivalent to the chirped Bragg-
gratings (CBGs) in FBG [32], can be practically achieved
by the experiment [33]. Our numerical simulations based
on the standard nonlinear coupled mode theory (CMT)
suggest that this setting can support the unidirectional
transportation of the fs solitons.
CMT has been proven suitable for describing the dy-
2FIG. 1: The sketch of the tailored structure, which is con-
sisted of two spatially asymmetric chirped Bragg grating
(CBG) based on the CLCs. The junction between the two
CBGs is located at z = r1. The blue ellipsoid denotes the ori-
entations of the CLC molecules. Note that CBG1,2 represent
the left and right chirped CLC segments, respectively.
namic of fs pulses through the CLCs [27, 28]. In this Let-
ter, we adopt the CMT, and therefore the pulses propa-
gating through the setting are described by the following
standard nonlinear coupled-mode equations (NCMEs):
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where t is time, Ef and Eb are amplitudes of the forward-
traveling and backward-traveling waves of the light field.
It was reported that the photonic bandgap structure is
exhibited provided that the circularly polarized light is
launched in CLCs [28]. vg = c/n0 is the linear group ve-
locity in CLCs, with c being the light speed in the vacuum
and n0 = 1.635. γ = n2ω/c is the nonlinear parameter,
with ω being the carrier frequency and n2 = −1.5×10
−11
cm2/W the local self-defocusing Kerr coefficient (as the
nonlinear response is an ultrafast process, the thermal
nonlinearity of CLCs could be neglected [27, 28]). The
coupling strength between forward and backward waves
is κ = pi∆n/λB, where ∆n = 0.19 is the depth of
the refractive-index modulation and λB = 2n0Λ0 is the
Bragg wavelength at the input edge of the sample, with
Λ0 = 238.53 nm being the BG period which is exactly
equal to 1/2 pitch of the CLCs at the input and output
edges. The above parameters are selected from the ex-
periment in Ref. [27]. δ(z), which represents the local
wavenumber detuning of the chirp CLCs, is given by
δ(z) =
{
δ0 − 2piC1z/Λ0 z ∈ [0, r1],
δ0 − 2piC2(L − z)/Λ0 z ∈ (r1, L],
(2)
where L is the total length of the sample, and r1 is
the length of the chirped CLC segment on the left side,
hence L − r1 is the length of the right side of the sam-
ple. δ0 ≡ 2pin0/λ − pi/Λ0 is the detuning at the left
and right edges of the sample, where λ is the incident
wavelength of the light field. C1 = ∆δΛ0/2pir1 and
C2 = ∆δΛ0/2pi(L− r1) are the chirped coefficients of the
FIG. 2: (a) Three transmission types of femtosecond pulses,
completely cut-off (red color), diode-effect (yellow color) and
breakdown-effect (green color) in the I − r1 plane. The two
black dashed lines show the optimized cross-section for the
diode effect respectively. r1 = 7 µm denotes the vertical
dashed line; while I = 0.515 GW/cm2 denotes the horizontal
dashed line. (b,c) The Q-factor of the femtosecond diode for
the cases of the cross-sections shown in the black dash lines
in panel (a). In all the panels, ∆δ ≡ δj − δ0 = 1055.3 cm
−1.
The temporal width of the pulse is 100 fs.
left and right chirped CLC segments, respectively. Here,
∆δ = δ0− δj is the detuning difference at the junction of
the two chirped CLC segments with δj being the detun-
ing at the junction position. The sketch of the designed
setting is displayed in Fig. 1 Note that the location of
the junction is at z = r1.
In simulations, we assume the total length of the sam-
ple is L = 500 µm, which is in the same scale with that
reported in [28]. It is worth mentioning that to achieve
such chirped CLCs with hundreds of micrometer is dif-
ficult, as the focal conic texture and the absorption of
dye-agents limit the thickness of the CLCs. In princi-
ple, these difficulties might be solved by the following
processes: firstly, increasing the thickness of CLC film
to hundreds of millimeter is needed. To avoid the oc-
currence of highly scattering focal conic texture, an ad-
ditional electric field or magnetic field should be used,
which could stabilize the planar texture, hence obtain-
ing a high transparency; secondly, to produce CLCs with
flexible pitch and length, the absorption of dye should
be minimized by decreasing the doping concentration as
low as possible while enlarging the exposure time to com-
pensate this dilution. Besides, as the CLCs feature a
self-defocusing Kerr nonlinearity, we select the incident
wavelength that is located at the red side of the photonic
bandgap. It indicates that the detuning, i.e. δ(z), is neg-
ative. Therefore, according to previous studies [17, 24],
to see the soliton diode effect, the detuning difference,
∆δ, should be set positively.
Numerical studies of Eq. (1) are performed with a
femtosecond Gaussian pulse, having a temporal width of
100 fs and a tunable peak intensity, namely I. Accord-
ing to the above discussion, the carrier wavelength of the
pulse is selected as λ = 829 nm, which is located at the
red side of the photonic bandgap. Simulations are car-
ried out by means of the 4-step Runge-Kutta method.
Obviously, three types of transmission of femtosecond
pulse through the setting, i.e., completely cut-off, diode-
effect and breakdown-effect are found, displayed in the
3I−r1 plane [see Fig. 2(a)]. In the cut-off region in which
case the intensity-induced nonlinearity is insufficient, the
pulses are bounced back from both sides; see the red
region. As a result, the femtosecond soliton cannot pen-
etrate the sample. While in the breakdown region; see
the green region, due to the strong induced nonlinearity,
the pulse can propagate through the setting from both
sides. Particularly, with suitable incident pulse intensity,
nonreciprocal transmission of the pulses are found; see
the yellow region of Fig. 2(a). In this case, the soli-
tons can propagate from left to right hand side but it
bounces back when it is injected from the right edge of
the setting. This phenomenon has been explained in Ref.
[17]: the propagation dynamics of solitons can be approx-
imately considered as a quasi-particle propagating in the
setting, which cannot exhibit unidirectional transmission
in an effective potential. However, a Gaussian optical
pulse that is not an exact solution of the soliton and
cannot use the quasi-particle approximation during the
time when the pulse is developing into a soliton. The
developing length (from a Gaussian pulse to a BG soli-
ton) depends on the chirped coefficient of CLCs segment
as well as the initial peak intensity of pulse. Therefore,
an asymmetric chirped CLC pair produces asymmetric
developing lengths of each side, thus the diode region is
created when appropriate chirped coefficients of the set-
ting and peak intensity of the pulse are selected. We
should point out that due to the periodic modulation,
the initial Gaussian pulse splits into reflected and trans-
mitted pulses at the incident edge of the sample, but
the transmitted pulse could eventually evolve into soli-
ton since the propagating length is much larger than the
dispersion length (∼ 10µm). The region of diode effect
closes up when r1 = 250 µm, above which the system
becomes reciprocal. From Fig. 2(a), we also see that
there exists optimized incident pulse intensity I = 0.515
GW/cm2 and length of the left side chirped CLC r1 = 7
µm, for which it gives the largest region that produces
the diode effect; see the black dashed lines, respectively.
To measure the quality of femtosecond soliton diode,
a quality factor of the diode is defined by
Q = ηAB/ηBA, (3)
where ηAB and ηBA are the transmissivity of the light
field from the left side to the right side (i.e. A→B) and
vice versa (i.e. A←B), which are defined by
η{AB,BA} =
∫
[|Ef (z{L,0}, t)|
2 + |Eb(z{L,0}, t)|
2]dt∫
[|Ef (z{0,L}, t)|2 + |Eb(z{0,L}, t)|2]dt
. (4)
The measured Q-factors for the cases of two optimized
cross-section shown in dashed line in Fig. 2(a) are dis-
played in Figs. 2(b,c), respectively. Figures 2(b) and 2(c)
show that the Q-factor with value larger than 80 can be
achieved, and the maximum is up to 120, indicating a
high nonreciprocal effect. A typical example of the diode
effect is displayed in Fig. 3, showing the propagation
dynamics of femtosecond solitons. It is clearly seen that
FIG. 3: Typical example of the femtosecond diode effect. The
pulse width is selected as 100 fs, and the pulses are injected
from left (a) and right (b) hand sides, respectively. The re-
lated parameters are selected from that shown in the dashed
lines in Fig. 2(a). The incident peak intensity of the pulse is
I = 0.35 GW/cm2. (a) The femtosecond soliton can propa-
gate from A to B; (b) the femtosecond soliton bounces back
when it is injected from B.
FIG. 4: The transmissivity ηAB (blue solid curves) and ηBA
(red dashed curves) versus detuning difference (a), the inci-
dent carrier wavelength of pulses (b), and the pulse width (c).
In panel (a) the wavelength and the width of the pulse are set
as 829 nm and 100 fs, respectively. In panel (b), the detuning
difference of the setting is ∆δ = 1055.3 cm−1 and the width of
the pulse is 100 fs. In panel (c) the detuning difference of the
setting is ∆δ = 1055.3 cm−1 and the wavelength of the pulse
is 829 nm. In all cases, r1 = 7 µm, and the peak intensity of
the pulses is fixed to I = 0.43 GW/cm2.
the shape of the pulse is maintained during evolution
through the setting. Note that the result shown in Fig.
3 is based on the parameters that are selected from the
vertical dashed line in Fig. 2(a). In this case, the trans-
missivity from A→B is ηAB = 34.2%, while the transmis-
sivity from A←B is ηBA = 0.3%. Note that again owing
to the photonic bandgap, most of the pulse energy is re-
flected from the edge of the sample. Further, the pulse
group velocity of the soliton is also measured to be 0.14c
by the formula Vg = L/t = 500µm/11.7ps. It suggests
that the femtosecond soliton can be also used as an op-
tical buffer.
Next, we also investigate the influence of the detuning
difference, ∆δ (see Fig. 2), to the femtosecond soliton
diode. We note that ∆δ plays an important role in build-
ing the nonreciprocal transmission of the system. Figure
4(a) displays the transmissivity in two incident cases ver-
sus ∆δ for a fixed value of r1 and pulse intensity. Remind
that the incident wavelength of the light pulse remains
unchanged. As can be seen, when ∆δ = 0, the relation
ηAB ≡ ηBA can be obtained as the whole setting returns
4to a uniform BG structure. However, increasing ∆δ, the
diode effect occurs. The diode effect disappears when
∆δ is too large, e.g., when ∆δ >1390 cm−1, we have
ηAB ≈ ηBA ≈ 0, indicating that the solitons are all re-
flected from both sides. This is because increasing the
value of ∆δ gives rise to shifting the carrier wavelength
to the center of the bandgap at the junction location. As
a result, the reflection of pulse energy becomes larger.
Finally, we still study the influence of different wave-
length and pulse width to the diode effect. The related
results are shown in Figs. 4(b) and 4(c), respectively.
Figure 4(b) shows that when 827.6 nm< λ <830.3 nm,
significant diode effect still can be observed. λ = 827.6
is the low-cut-off wavelength of the femtosecond diode,
below which the pulse cannot penetrate into the set-
ting owing to the limited incident pulse intensity; while
λ = 830.3 is the up-cut-off wavelength, above which the
soliton is completely transmitted and the diode effect dis-
appears as the wavelength of the soliton is far away from
the center of the bandgap. Figure 4(c) represents the de-
pendence of η on the pulse width. Our numerical result
demonstrates that the femtosecond diode effect is valid
with the pulse width ranging from 67 fs to 171 fs.
The objective of this work was to propose a scheme for
all-optical diode in femtosecond domain. Our scheme was
based on two chirped cholesteric liquid crystals (CLCs)
linked by a heterojunction. The spatially asymmetric
chirped CLCs provides opportunity for the nonreciprocal
propagation of femtosecond solitons. The propagation
dynamics of the femtosecond soliton through the setting
can be described by the standard nonlinear coupled mode
equations. Our numerical simulations demonstrated that
diode effect can be supported by this setting. Particu-
larly, optimized windows for diode effect were found. In
the optimized windows, high nonreciprocal transmission
ratio up to 120 was obtained based on this setting. Also,
we still discussed the influence of pulse temporal width
and carrier wavelength to the diode effect. Our numer-
ical simulations still suggested that this setting can be
applied to an ultrafast optical buffer, or power switch,
etc.
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